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Introduction: 

The  use of alcohols i n  coal l iquefaction by donor solvents dates to  the ear- 
l i e s t  works (1)  wherein the t e t r a l i n  donor used a l so  contained phenol and cresol 
additives;  chemically s imi la r  mixtures have been used more recently (2,3) to simu- 
l a t e  commercial donor solvents.  
gen donors fo r  coal l iquefaction, in which application isopropanol, cyclohexanol 
and o-cyclohexylphenol have proven ef fec t ive  ( 4 ) ,  whereas t-butanol i s  inef fec t ive  
(5 ) .  The mechanism of hydrogen t ransfer  from alcohol donors t o  coal i s  obscure. 
However, f ree  radical types of mechanisms, such as  recently proposed (6 ,7)  f o r  coal 
l iquefaction, seem especially unsa t i s fac tory  because the  essent ia l  step would have 
to involve abstraction of a r e l a t ive ly  strongly bonded hydrogen in the alcohol by a 
coal fragment radical formed from homolysis of a weak bond in the  coa l .  

The present work was motivated by a hypothesis (8,9) t h a t  coal l iquefaction 

Alcohols have a l so  d i r ec t ly  been employed as  hydro- 

may en ta i l  concerted, per icyc l ic  reaction paths. 
f e r  from a n  alcohol donor, such as  isopropanol, t o  a coal acceptor, such as  phen- 
anthrene, may be viewed as  a s i x  e lec t ron  [4e(ao) + 2e(II)] group t ransfer  reaction: 

In this  context,  hydrogen trans- 

( R O )  u"b- qd+ tI ($ --3 [ V'H. PI$ 01 ] L x  + y$ P 

Isopropanol Phe anthrene Pericyclic Acetone 9,1'% dihydro- 
4e(oo) ze(n)  Transit ion S ta t e  phenanthrene 
Donor Acceptor 

According t o  the Woodward-Hoffmann (10) rules f o r  o rb i t a l  symnetry conservation, 
reaction ( R O )  would be thermally allowed for  supra-supra stereochemistry, which i s  
s t e r i ca l ly  favorable. 

comprising two alcohol donors, namely cyclohexanol and ortho-cyclohexylphenol , and 
two aromatic acceptors, namely phenanthrene and anthracene. Of these subs t ra tes ,  
the  cyclohexanol i s  a 4e(ao) donor akin to  isopropanol while the o-cyclohexylphenol 
is  a 6e(ona) donor of the  contrary o rb i t a l  symmetry. Similarly,  the phenanthrene, 
a 2e(n) acceptor, has o rb i t a l  symnetry opposite to  anthracene which is a ~ ~ ( J I I I )  
acceptor. In the 2 x 2 matrix of thermal reactions between these donor-acceptor 
pa i r s ,  combinations w i t h  a to t a l  of (4n+2)e should theore t ica l ly  (10) be allowed 
in supra-supra stereochemistry while those w i t h  a t o t a l  of (4n)e should be for -  
bidden i n  supra-supra b u t  a1 lowed i n  supra-antara stereochemistry. Such d i f f e r -  
ences should be manifest, and hence experimentally d iscern ib le ,  i n  the respective 
reaction k ine t ics .  Figure 1 i l l u s t r a t e s  these principles of o rb i t a l  symmetry cor- 
servation fo r  the present hydrogen t ransfer  reactions.  
tained t o  date w i t h  the cyclohexanol donor a re  reported in this paper. 

Experimental : 

Pursuit of our hydrogen t r ans fe r  hypothesis suggested exploration of a gr id  

Experimental r e su l t s  oh- 

All experiments were conducted i n  s t a in l e s s  s t ee l  batch reactors with an 
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i n t e r n a l  volume of 0.503cm3; t h e  r e a c t o r s  were imnersed i n  a s a l t  b a t h  f o r  t imes 
ranging from 0.16 t o  12 hours a t  temperatures from 300 t o  425OC. Heat ing and cool -  
i n g  t imes were ca l cu la ted  t o  be i n s i g n i f i c a n t  
Experiments conducted i n  an argon atmosphere, when compared w i t h  r e a c t i o n s  i n  a i r ,  
i n d i c a t e d  no e f f e c t  o f  atmosphere on r e a c t i o n  r a t e .  Vapor - l i qu id  e q u i l i b r i u m  c a l -  
c u l a t i o n s  were used t o  ensure t h a t  >95% o f  t h e  reac tan ts  remained i n  the  l i q u i d  
phase a t  a l l  t imes. 
d i sso l ved  i n  so lvent- - to luene f o r  anthracene reac t i ons ,  carbon t e t r a c h l o r i d e  f o r  
phenanthrene react ions--and analyzed on an HP 5720 gas chromatograph. 
i d e n t i f i c a t i o n  was based on G.C. c o i n j e c t i o n  techniques as w e l l  as nmr spec t ra .  
M a t e r i a l  balance c losu re  was e f f e c t e d  i n  a l l  experiments, and p a r t i c u l a r  ca re  was 
taken t o  e f f e c t  a hydrogen t r a n s f e r  balance. Thus, we d e f i n e  a r a t i o  H o f  t he  mols 
o f  hydrogen donated, hd, as measured by appearance o f  dehydrogenated donor, t o  the  
mols of hydrogen accepted, h , as measured by t h e  appearance of hydrogenated accep- 
t o r ;  i n  a l l  cases H = (hd/haT = 1.00 20.08. The chemicals used were a l l  o f  p u r i t y  
> 99.5% as received; t h e  anthracene and phenanthrene subs t ra tes  were f u r t h e r  p u r i -  
f i e d  and assayed t o  ensure t h a t  t he  con ten t  o f  t he  r e l a t e d  d ihyd ro  compound was be- 
low d e t e c t i o n  l i m i t s ,  i.e., < 0.05%. 

Resul t s .  

reac t i ons  occurred. 
which i s  symbo l i ca l l y  reoresented by: 

(R1) D + A + DD + HA 

D, A, OD, and HA a re  r e s p e c t i v e l y  t h e  donor, acceptor, dehydrogenated donor and 
,hydrogenated acceptor; t h e  i n i t i a l  (donor /acceptor)  r a t i o  i s  termed S. 
hydrogenated acceptor  HA could,  i n  genera l ,  r e v e r t  t o  t h e  o r i g i n a l  acceptor :  

(R2) HA + A 

This u s u a l l y  occurred by e l i m i n a t i o n  of molecular  hydrogen b u t  d i s p r o p r o t i o n a t i o n ,  
w i t h  format ion of a f u r t h e r  hydrogenated form o f  HA, was a l s o  poss ib le .  
donor D cou ld  r e a c t  by paths o t h e r  than  (l), t y p i c a l l y  su f fe r i ng  p y r o l y t i c  decom- 
pos i ti on : 

(R3) D + products 

I n  t h e  present  work, D = cyclohexanol (CHL), A = e i t h e r  anthracene (ANT) o r  
phenanthrene (PHE), OD = cyclohexanone (CHN), and HA = e i t h e r  dihydroanthracene 
(OHA) o r  dihydrophenanthrene (DHP). 
t he  preceding 
and r e a c t i o n  cond i t i ons  o f  temperature, t ime  and concen t ra t i on  f o r  each o f  f i v e  se ts  
o f  reac t i ons .  

f a r  t he  major  r e a c t i o n  i n  a l l  circumstances. Reversion of hydrogenated acceptor ,  
(RZ) ,  was u s u a l l y  small  r e l a t i v e  t o  (R1) b u t  occurred t o  an  apprec iab le e x t e n t  a t  
t h e  h ighe r  temperatures and ho ld ing  t imes. Donor decomposit ion, (R3), was always 
n e g l i g i b l e  r e l a t i v e  t o  ( R l )  a t  T Q 400 C.  
parameters f o r  ( R l ) ,  t h e  exper imenta l  da ta  cou ld  d i r e c t l y  be  t r e a t e d  as i f  ( R l )  
were the  o n l y  r e a c t i o n  occurr ing;  c o r r e c t i o n s  f o r  (RZ), which were smal l ,  a l lowed 
more re f i ned  parameters t o  be obta ined f o r  ( R l )  w h i l e  c o r r e c t i o n s  f o r  (R3) were so 
smal l  as t o  be n e g l i b l e .  The k i n e t i c  analyses employed a r e  sumnarized i n  Table 2. 

compared w i t h  r e a c t i o n  t imes. 

Upon r e a c t i o n  and subsequent quenching, t h e  products were 

Product 

Pre l  im ina ry  i n v e s t i g a t i o n  o f  r e a c t i o n  pathways revealed t h a t  t h r e e  types o f  
F i r s t ,  t he  hydrogen t r a n s f e r  r e a c t i o n ,  our  pr imary o b j e c t i v e ,  

Second, t h e  

Th i rd ,  t h e  

The experimental g r i d  cons t ruc ted  t o  examine 
pathways i s  shown i n  Table 1, which i n d i c a t e s  s u b s t r a t e ( s ) ,  d i l u e n t ,  

Broadly, t he  experimental r e s u l t s  showed t h a t  hydrogen t r a n s f e r ,  ( R l ) ,  was by 

Thus, i n  d e r i v i n g  t h e  des i red  k i n e t i c  
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Data f o r  hydrogen t r a n s f e r  from cyclohexanol t o  anthracene a t  T = 375 C a re  
presented i n  F igure 2, which e s s e n t i a l l y  d i s p l a y s  anthracene convers ion x vs t ime 
fo r  var ious i n i t i a l  donor/acceptor r a t i o s ,  15.4 > S > 0.25. The o r d i n a t e  of  F ig -  
u re  2 i s  a func t i on  o f  convers ion chosen t o  t e s t  t h e  presumed second o rde r  form o f  
(R l ) ,  as suggested by Case 1 o f  Table 2. 
s = 15.4 (squares), t h e  o rd ina te ,  s t a r t i n g  f rom the  o r i g i n ,  increases w i t h  increas- 
i n g  t ime, l i n e a r l y  a t  low t imes, t < 2 h r ,  b u t  w i t h  decreasing s lope  the rea f te r ,  
even tua l l y  becoming constant ,  independent o f  time, f o r  t > 6 h r .  Phys i ca l l y ,  t he  
i n i t i a l  l i n e a r  p o r t i o n  represents  t h e  k i n e t i c s  o f  t h e  forward r e a c t i o n  ( R l )  alone, 
w h i l e  the  long- t ime asymptote o f  cons tan t  convers ion represents  an approach t o  
equi lbr ium.  I t i s  noteworthy t h a t  t h e  i n i t i a l  slopes a r e  much the same f o r  a l l  S, 
d i r e c t l y  y i e l d i n g  k l  = 5.6 x 10-6 l /mol  s independent of s u b s t r a t e  p ropor t i ons ,  
which supports t h e  second o r d e r  k i n e t i c s  presumed f o r  ( R l ) .  
t h a t  t h e  asymptotic l ong - t ime  convers ions a v a i l a b l e  a each o f  S 
both l ead  t o  apparent e q u i l i b r i u s  constants  Kapp = [Xi/(l-X)(S-X)j 2, 0.02. 

Refined r a t e  constants ,  de r i ved  from t h e  i n i t i a l  s l ope  data o f  F igu re  2 a f t e r  
t a k i n g  account o f  a l l  o the r  reac t i ons ,  a r e  d i sp layed  i n  F igu re  3 on co-ord inates o f  
l o g l o k l  vs l og loS .  I t  can be  seen t h a t  l o g  Okl = -5.25 f 0.07 over -0.6 < 1ogloS 
< 1.2, i . e .  a v a r i a t i o n  i n  l o g l o k  o f  about i . 1  u n i t  over 1 .8  decades o f  subs t ra te  
propor t ions rang ing  o n  e i t h e r  s i d e  o f  s toch iomet r i c .  The observed inva r iance  o f  k 
r e l a t i v e  t o  S conf i rms t h a t  t he  cyclohexanol-anthracene hydrogen t r a n s f e r  r e a c t i o n  
f o l l o w s  second order  k i n e t i c s  a t  T = 375 C. 

Having es tab l i shed  the  order, and hence being assured o f  a meaningful bimole- 
c u l a r  r a t e  cons tan t  k l ,  t h e  hydrogen t r a n s f e r  r e a c t i o n  k i n e t i c s  were explored over 
the  temperature range from 300-400 C a t  a f i x e d  S = 4. An Arrhenius p l o t  o f  these 
r e s u l t s  i 
e-1 = (103/4.573 T i n  Ke lv ins )  i s  an i nve rse  temperature scale;  i t  should be noted 
t h a t  an Arrhenius r e l a t i o n  o f  form log1 k - loglOA - E*/8 , where A i s  t h e  pre- 
exponential f a c t o r  w i t h  u n i t s  o f  k and !* i s  the  a c t i v a t i o n  energy i n  kcal/mol, w i l l  
y i e l d  a s t r a i g h t  l i n e  on F igu re  4 w i t h  s lope  a10 lok/AB- l  = -E*. 
hexanol-anthracene r e a c t i o n  ( c i r c l e s  i n  F igu re  47 show l o g l o k l  l i n e a r l y  r e l a t e d  t o  
8-1 over  nea r l y  two decades o f  t h e  o r d i n a t e .  The b e s t  f i t  then y i e l d e d  t h e  h i t h e r t o  
unknown Arrhenius parameters, loglOA(R/mol s )  = 6.0 t 0.2 and E* (kcal/mol) = 33.1 t 
0.6, which were our  goa l .  

Hydrogen t r a n s f e r  f r o m  cyclohexanol t o  phenanthrene, s e t  2 i n  Table 1, was i n -  
ves t i ga ted  i n  a manner e x a c t l y  analogous t o  t h a t  descr ibed f o r  cyclohexanol-anthra- 
cene i n  Figures 2, 3, and 4, and s i m i l a r  conc lus ions cou ld  be  drawn. 
cyclohexanol-phenanthrene, a t  T = 4n0 C, p l o t s  a k i n  t o  the  e a r l i e r  F igu re  2 f o r i n i t i a l  
donor/acceptor r a t i o s  8 > S > 0.125 y i e l d e d  i n i t i a l  slopes independent of S ,  w i t h  
k l  Q 0.65 x Umo l  s .  Also, asymptot ic  l ong - t ime  conversions l e d  t o  k ' Q  0.15 
x 10-3 a t  each of S = 4, 1, and 0.125. A f u r t h e r  p l o t  of l o g l o k l  vs logl,-J?f shown 
i n  F i g u r e  3, y ie lded . log lOk1  = -6.2 f 0.2 over t h e  range -0.9 < l o g l o s  < 0.9, a f f i r m -  
i n g  t h e  r e l a t i v e  i nva r iance  of  k t o  s u b s t r a t e  p ropor t i ons  and showing the  hydrogen- 
t rans fe r  k i n e t i c s  t o  be second order .  F i n a l l y ,  cyclohexanol-phenanthrene hydrogen 
t rans fe r  r a t e  constants  were der ived a t  temperatures f r o m  375-425 C a t  f i x e d  S = 4. 
These r e s u l t s ,  p l o t t e d  i n  F igu re  4 (squares), y i e l d  Arrhenius parameters log,oA(t/  
mol s )  = 7.6 
Phenanthrene span o n l y  a S i n g l e  decade of l o q o k l ,  t h e  corresponding Arrhenius 
parameters a r e  s u b j e c t  t o  r a t h e r  more u n c e r t a i n t y  than i n  t h e  case o f  cyclohexanol- 
anthracene. 

Reversion of t h e  hydrogenated acceptor  t o  the  o r i g i n a l  acceptor ,  general reac- 
t i o n  (RZ),  was s t u d i e d  a t  t h e  cond i t i ons  i n d i c a t e d  f o r  e n t r i e s 3  and 4 i n  Table 1, 
Using dihydroanthracene (DHA) and dihydrophenanthrene (DHP) subst rates w i t h  deca l i n  

Fo l l ow ing  a t y p i c a l  s e t  o f  data, fay 

It i s  a l s o  i n t e r e s t i n g  
1 and S = 15.4 

presented i n  F igu re  4, us ing  coord inates of l o g l o k l  vs W1, where 

Data f o r  t h e  cyc lo-  

Thus, f o r  

0.6 and E* ( k c a l / n o l )  = 42.5 f 3.5. S ince t h e  da ta  f o r  cyclohexanol- 



d i l u e n t ,  which l a t t e r  was i n e r t .  I n  genera l ,  r e v e r s i o n  occu r red  by two p a r a l l e l  
pathways, namely hydrogen e l i m i n a t i o n  (R2 ' )  and d i s p r o p o r t i o n a t i o n  ( R Z " ) ,  of t h e  
form: 

(R2' )  HA 2 A + H2 
k '  

k " 

(R2") 2HA 2 A + JA 

where a l l  symbols have t h e i r  e a r l i e r  meaning and JA i s  a more hydrogenated form o f  
t he  acceptor, e.g. te t rahydroanthracene.  

Experiments w i t h  DHA s u b s t r a t e  a t  T = 375 C revea led  t h a t  w i t h  neat  subs t ra te ,  

i nc reas ing  d i l u t i o n ,  however, t h e  i n i t i a l  r a t e s  o f  (R2") decreased r e l a t i v e  t o  (R2 ' )  
u n t i l ,  a t  t he  lowest  s u b s t r a t e  concen t ra t i on  o f  0.2 b\ (R2") was n e g l i g i b l e  r e l a t i v e  
t o  (R2').  
order  i n  DHA w i t h  k f '  
from 0.23 t o  4.3 mo / l i t e r ;  r e a c t i o n  (R2") was approx imate ly  second o rde r  a t  i n i t i a l  
concentrat ions from 0.9 t o  4.3 m o l / l i t e r ,  where i t  could be measured, y i e l d i n g  
k2" = (37 f 11) x 10-6 Il/mol s .  A d d i t i o n a l  experiments w i t h  nea DHA over  the  tem- 
pe ra tu re  range 325-400 C prov ided Arrhenius parameters logloA(s- ')  = 12.5 t 0.6 and 
E* (kca l /mol )  = 50.8 t 0.8 f o r  t h e  f i r s t  o rde r  DHA r e v e r s i o n  r a t e  constant  k2 ' ;  
these experiments a l s o  y i e l d e d  da ta  f o r  (R2") b u t  corresponding Arrhenius parameters 
a r e  y e t  unavai lab le,  pending c o n f i r m a t i o n  o f  t he  r e a c t i o n  o rde r .  

w i t h  (R2") undetectable.  
kz '  = (34 f 2) x 10-6 s - l  a t  i n i t i a l  s u b s t r a t e  concen t ra t i ons  f rom 0.22 t o  4.0 mol/ 
l i t e r .  Arrhenius parameters fo r  DHP r e v e r s i o n  over  t h e  temperature range 375-420 C 
were log ioA(s-1)  = 12.6 f 0.3 and E* (kca l /mol )  = 58.1 2 0.8. 

Re la t i ng  the r e v e r s i o n  experiments (R2) t o  t h e  hydrogen t r a n s f e r  experiments 
( R l ) ,  i t  should be noted t h a t  i n  the  l a t t e r  reac t i on ,  t h e  hydrogenated acceptor  
i n i t i a l l y  appears a t  i n f i n i t e  d i l u t i o n .  Thus, o f  t h e  two r e v e r s i o n  pathways, (R2' )  
and (R2"), which a r e  r e s p e c t i v e l y  f i r s t  and second o rde r ,  (R2 ' )  makes much the  more 
s i g n i f i c a n t  c o n t r i b u t i o n .  A n a l y t i c a l l y ,  t h e  o v e r a l l  r e v e r s i o n  r a t e  cons tan t  
k2 = k 2 '  + k "[HA] -+ k2 '  as [HA] -+ 0. The cyclohexanol-anthracene s e r i e s  o f  
experiments f u r t h e r  confirmed t h i s  i n fe rence  i n  t h a t  t h e  te t rahydroanthracene p ro -  
d u c t  symptomatic of (R2") was n o t  detected a t  t imes < 2 h r .  
f o r  (R2 ' )  thus adequately accounted f o r  t h e  r e v e r s i o n  r e a c t i o n  (R2) i n  t h e  present  
study . 

t h e  cyclohexanol a lone  was s u b s t a n t i a l l y  s t a b l e  a t  T 6 400 C, w i t h  f r a c t i o n a l  de- 
composit ions < 0.03 i n  4 h r .  
cyclohexa one, became apprec iab le,  w i t h  a pseudo f i r s t  o r d e r  r a t e  constant  k3 % 20 
x 10-6 s-'. I n  process ing the  hydrogen t r a n s f e r  data, c o r r e c t i o n s  f o r  (R3) were 
always negl i g i b l  e. 

Discussion: 

K i n e t i c  data f o r  hydrogen t r a n s f e r  reac t i ons  between a l coho l  donors and aroma- 
t i c  acceptors have n o t  h i t h e r t o  been repo r ted ,  p r e c l u d i n a  comparisons w i t h  e a r l i e r  
work. However, t h e  exper imenta l  evidence can reasonably  be  i n t e r p r e t e d  i n  f a v o r  o f  
a concerted r e a c t i o n  mechanism. Both t h e  hydrogen t r a n s f e r  r e a c t i o n s  s tud ied  ex- 
h i b i t e d  second o rde r  k i n e t i c s ,  be ing f i r s t  o rde r  i n  each of t h e  donor and acceptor. 
This i s  a necessary c o n d i t i o n  t h a t  must be f u l f i l l e d  f o r  (R2) t o  be considered 

4.0 M, t h e  i n i t i a l  r a t e s  o f  (R2 ' )  and (R2") were o f  comparable magnitudes. W i th  

Fur ther ,  examination o f  t h e  k i n  t i c s  showed (R2 ' )  t o  be  s t r i c t l y  f i r s t  
(27 f 2) x s-? a t  i n i t i a l  s u b s t r a t e  concen t ra t i ons  

Experiments w i t h  DHP s u b s t r a t e  showed (R2 ' )  t o  be  t h e  on ly  r e v e r s i o n  pathway, 
A t  T = 425 C, t h e  r e a c t i o n  was s t r i c t l y  f i r s t  o rde r  w i t h  

The r a t e  da ta  obta ined 

F i n a l l y ,  i n  rega rd  t o  t h e  donor decomposit ion r e a c t i o n  (R3), s e t  5 i n  Table 1, 

A t  T = 425 C cyclohexanol decomposit ion, i n i t i a l l y  t o  
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bimolecular, a s  writ ten.  
E*(kcal/mol)) were respectively f o r  CHL-ANT (6.0,  33.1) and fo r  CHL-PHE (7.6,  42.5). 
Of these the loglOA '~r 6.8 f 0.8 represent ac t iva t ion  entropies AS' (cal/mol K )  = 
-31.7 i 3.7 which a re  large and negative and of much the same magnitude reported 
(11,12) f o r  Diels-Alder reaction which is  well known t o  be a concerted cyclo-addi- 
t i o n  ( 1 0 ) .  There i s  evidently c lose  s t e r i c  s imi l a r i t y  between the  pericyclic t r a n -  
s i t i on  s t a t e  of our hydrogen t r ans fe r  reaction, as shown in the prototype ( R O ) ,  and 
the t rans i t ion  s t a t e  for  cyclo-addition. T h e  observed ac t iva t ion  energies E*(kcal/ 
mol) = 38 f 5 cannot independently b e  in te rpre ted ,  though t h e i r  magnitudes a re  en- 
t i r e l y  comparable to  values known f o r  allowed hydrogen s h i f t s  (13) ,  which involve 
s imi la r  o rb i t a l  in te rac t ions .  

Further, t he  Arrhenius parameters (loglOA(ll/mol s ) ,  

we1 1 
(2. 0 

IJhile the thermochemistry of the present hydrogen t ransfer  reactions i s  n o t  
known, estimates (14) suggest (ASor(cal/molK), AHor(kcal/mol) f o r  CHL-ANT 
, ~ 0 )  and for  CHL-PHE (% 0 ,  +5); i . e .  the reactions a re  v i r tua l ly  thermoneutral 

Consequently, invoking microscopic r e v e r s i b i l i t y ,  Arrhenius parameters for  the 
reverse hydrogen t ransfer  reactions should be qu i t e  s imi la r  t o  those obtained f o r  
the forward reactions.  In regard t o  thermochemistry i t  i s  a l so  worth notiny tha t  
the present experiments led t o  apparent equilibrium constructs of order 10- 
CHL-ANT a n d  0.15 x fo r  CHL-PHE a t  T = 400 C .  These cannot be d i r ec t ly  inter- 
preted for  want of ac t iv i ty  coe f f i c i en t  data but t he i r  r a t i o  should depend so le ly  
on the differences between the entropies and enthalpies of hydrogenation of the 
acceptors. Estimates (14) of (AHOf,So)  f o r  each of ANT, D H A ,  PHE,  DHP lead, a t  
T = 400 C ,  t o  the theoretical  r a t i o  K(CHL-ANT)/K(CHL-PHE) '~r 60 which i s  of the 
order of the experimentally observed r a t i o  Kapp( CHL-ANT/Kapp( CHL-PHE)  % 70. 

for 

I t  i s  in te res t ing  to compare the present hydrogen t ransfer  from cyclohexanol 
w i t h  t h a t  from A'-dialin, a hydrocarbon donor of the same orb i ta l  symmetry. Com- 
parable experiments reoorted elsewhere (15) yielded (loglOA(ll/mol s ) ,  E*(kcal/mol)) 
= (6.1, 31.0) for  the A'-dialin-phenanthrene system; loglOA i s  s imi la r  t o  t ha t  ob- 
tained i n  the present work  f o r  CHL-PHE while the ac t iva t ion  energy i s  lower by an 
amount comparable t o  the reduction i n  the enthalpy of reac t ion ,  i n  rough agreement 
w i t h  the Evans-Polanyi Frinciple.  

The reversion reactions (R2)  a l so  merit brief discussion inasmuch as kinetic 
data have n o t  h i ther to  been reported fo r  hydrogen elimination from e i the r  of the 
DHA o r  DHP substrates studied i n  t h i s  w o r k .  The general reaction (R2 ' )  has l i t e r -  
a ture  precedent, t he  case HA = 1,4 cyclohexadiene, A = benzene having been studied 
(13,16) in !he gas phase and found t o  be unimolecular with Arrhenius parameters 
(logl0A (s-  ) ,  E*(kcal/mol)) = (12.4, 43.8); t he  reaction mechanism has been in te r -  
preted (10) as a concerted thermally-allowed 6e suprafacial  group t ransfer .  In 
the present study, ( R 2 ' )  with HA = DHA was s t r i c t l y  unimolecular with Arrhenius 
parameters (log10A,E*) = (12.6, 50.8). Since there is  a c l ea r  stereo-electronic 
analogy between hydrogen elimination from 1,4 cyclohexadiene and t h a t  from 9,lO- 
dihydroanthracene, the analogous k ine t ic  data can be taken to  imply t h a t  the l a t t e r  
reaction i s  a l so  a 6e per icyc l ic  group t ransfer .  
which i s  unimolecular w i t h  (logIoA,E*) = (12.6, 58.1) i s  not y e t  d i r ec t ly  amenable 
to theoretical  in te rpre ta t ion .  According to the Woodward-Hoffman ru les  ( l o ) ,  t h i s  
hydrogen elimination i s  thermally allowed with antara-supra stereochemistry and 
w i t h o u t  further stereochemical information i t  is  n o t  obvious whether the higher E* 
r e l a t i v e  t o  DHA represents a stereochemical demand o r  an o rb i t a l  symnetry bar r ie r .  
However, i t  i s  in te res t ing  t h a t  i n  regard to  hydrogen elimination, DHP i s  more re- 
f rac tory  than DHA t o  e s sen t i a l ly  the same extent t ha t  1 , 3  cyclohexadiene (17) i s  
more refractory than 1,4 cyclohexadiene (16) .  

The case of ( R 2 ' )  w i t h  HA = DHP 

Finally i t  i s  worth noting tha t  w i t h  present system of donors and acceptors, 
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t he  hydrogen t r a n s f e r  from donor t o  acceptor  was apprec iab l y  f a s t e r  than e i t h e r  
hydrogenated acceptor  r e v e r s i o n  o r  donor decomposit ion. 
i n  t h e  con tex t  o f  ac tua l  coal  l i q u e f a c t i o n  operat ions.  Fu r the r  s tud ies ,  w i t h  ap- 
p r o p r i a t e  c o a l - r e l a t e d  model donors and acceptors, which thus e l u c i d a t e  t h e  path- 
ways fo r  hydrogen t r a n s f e r  c o u l d  be  p r a c t i a l l y  u s e f u l  i n  suggest ing donors and 
process ing cond i t i ons  f o r  t h e  opt imal  deployment o f  hydrogen d u r i n g  d i r e c t  l i q u e -  
f a c t i  on. 

Conclusions : 

Th is  i s  e v i d e n t l y  d e s i r a b l e  

1. 

2. 

3 .  

4. 

5. 

6. 

7. 

Hydrogen t r a n s f e r  r e a c t i o n s  between cyclohexanol (CHL) donor and each o f  anthra-  
cene (ANT) and phenanthrene (PHE) acceptors  have been s tud ied  i n  t h e  l i q u i d  
phase a t  temperatures f rom 300 t o  425 C, t imes from 0.16 t o  12.0 h r  and i n i t i a l  
donor/acceptor r a t i o s  o f  0.125 t o  15.4. 

I n  a d d i t i o n  t o  t h e  des i red  hydrogen t r a n s f e r  r e a c t i o n  ( R l ) ,  two o t h e r  pathways 
were observed, namely, (R2) r e v e r s i o n  o f  t he  hydrogenated acceptor  t o  o r i g i n a l  
acceptor by way o f  both hydrogen e l i m i n a t i o n  (R2' )  and d i s p r o p o r t i o n a t i o n  (R2"); 
and (R3) p y r o l y t i c  donor decomposit ion. 
a l so  i n v e s t i g a t e d  and i t  was found t h a t  (R2) was smal l  and (R3) n e g l i g i b l e  r e -  
l a t i v e  t o  ( R l ) .  

The hydrogen t r a n s f e r  r e a c t i o n s  were b imo lecu la r ,  b e i n g  o f  o rde r  one i n  each o f  
donor and acceptor .  
r e s p e c t i v e l y  f o r  CHL-ANT (6.0 f 0.2, 33.1 f 0.63 and f o r  CHL-PHE (7.6 f 0.6, 
42.5 f 3.5). 

The observed mo lecu la r i  t y  and Arrhenius parameters suggest a concerted pe r i cy -  
c l  i c  mechanism f o r  t h e  hydrogen t r a n s f e r  w i t h  a r e l a t i v e l y  t i g h t  t r a n s i t i o n  
s t a t e  a k i n  t o  t h a t  w e l l  known f o r  D ie l s -A lde r  c y c l o a d d i t i o n .  

Hydrogen e l i m i n a t i o n  f rom dihydroanthracene (DHA! and dihydrophenthrene (DHP) 
l i q u i d s  was s tud ied  a t  temperatures from 300 t o  450 C, t imes f rom 0.16 t o  10.0 
h rs  and subs t ra te  concen t ra t i on  ranges o f  0.2 t o  4.0 m o l / l i t e r .  

The hydrogen e l i m ' n a t i o n  reac t i ons  were s t r i c t l y  un imolecular .  

f 0.8) and f o r  DHP (12.6 f 0.3, 58.1 f 0.8). 

The observed hydrogen e l i m i n a t i o n  from DHA t o  ANT i s  s t r i k i n g l y  analogous t o  
that f rom 1,4 cyclohexadiene t o  benzene and suggests a s i m i l a r  concer ted p e r i -  
c y c l i c  group t r a n s f e r  r e a c t i o n .  

The k i n e t i c s  o f  (R2) and (R3) were 

Arrhenius parameters ( l o g 1  A(%/mol s) ,  E*( kca l /mol ) )  were 

Arrhenius para- 
meters ( loglOA(s- 1 ), E*(kcal/mol) were r e s p e c t i v e l y  f o r  OHA (12.6 f 0.6, 50.8 
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I 

Table 1. Reaction Condi t ions.  

Set Substrates D i l u e n t  Temperature Time Concentrat ion 

React ion Condi t ions 

C h r  S o r  M 

1 CHL + ANT None 300-400 0.16-1 2. 0.25-1 6. 

2 CHL + PHE None 350-425 0.25-10. 0.25-0.0 

3 DHA DEC 300-400 0.1 6-1 0. 0.25-4 .O( Neat) 

4 DHP OEC 375-450 0.25-1 2. 0.25-4.O(Neat) 

5 CHL None 325-425 0.25-10.0 4.0 f 0.2 

Notes: Compound abbrev ia t i ons  a r e  as f o l l o w s :  
CHL - cyclohexanol Al lT  - anthracene PHE - phenanthcene 
DEC - d e c a l i n  DHA - 9,lO dihydroanthracene 

s = i n i t i a l  subs t ra te  r a t i o  CHL/ANT o r  CHL/PHE 
M = concentrat ion,  m o l / l i t e r  o f  DHP, DHP o r  CHL ( s e t s  3, 4, and 5 ) .  

DHP - 9,lO dihydrophenanthrene 

( s e t s  1 and 2) .  

Table 2. K i n e t i c  Analyses 

Reactions : ( R l )  D + A 1, DD + HA 
k 

(R2) HA k- A + H2 
2 

D i f f e r e n t i a l  Equation: 

Cons t ra in t s  : 

d(HA)/dt = kl(D)(A) - k2(HA) 

t = 0: 
t > O :  A o = A + H A  

(D/A)o = S ;  (HA/A), = 0 

So lu t i ons :  
Case 1. k2 = 0, a l l  S .  

l n [ p ]  = k l t  ; X = 1 - (A/Ao) 
= (HA/Ao) 

A,(s-IJ 
Case 2. k2 > 0, S > 1 

1 1 
AOS ( 1 +k2/kl SA,) In' ( 1 -X (1 +k2/kl SAo ) = kl 

Case 3. k2 > 0, S < 1 

klSAo exp( - kl Aot )  

ln[klSA0 exp(-klAot) - k2X1 = k2t 
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T h e r m a l l y  a l l o w e d  
s t e r e o c h e m i s t r y  

? 
(i) I I + 

,"A '\\d \- .- 
4 e d o n o r  2 e a c c e p t o r  

4 e d o n o r  4 e a c c e p t o r  

( \  

1 F u r t h e r  r e a c t i o n  

4 H s h i f t s  

F i g u r e  1. O r b i t a l  symmetry c o n s e r v a t i o n  i n  hydrogen  t r a n s f e r .  
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0 . 0  
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-7 .  

A 
0 0 

?i 
A 

e +  

aa 

A 

L7 

n 

D = CIlL 

A = ANT 
0 T = 375 c 

S 

0 15.4 

e 4.0 

A 1.0 

-k 0.25 

I I 

O 2 4 6 8 1 0  12 
t, hr 

F‘i-qure 2. iiydrogcn t r a n s f e r  k i n e t i c s :  C m v e r s i o n  vcrsus time. 

n 

DONOR = i i 0  

ACCEPTOR = i&; 

T = 400°C 

141 



-4.0 

-6.0 

-7.0 

F i g u r e  4 .  Hydrogen transfer k i n e t i c s :  A r r h e n i u s  p lo t .  

REACTION: D + A + DD + HA 
DONOR = 

* 
ACCEPTOR m l O A  E 

6 . 0  t 0 . 2  3 3 . 1  t 0 . 6  

7 .6  50.6 42 .5  t 3 . 5  

\ i7 

\ 
--l--l._l_.- I I 

0.30  0 .35  0 . 4 0  

8-l 
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